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SUMMARY’

Thepressuredistributionanddragof a sphe~cal-nosedexially
symmetricbodywithslenderrodsp?m~ectingupstreamof thenosewere
detenuinedatMachnumbersof 1.76,1.93,and2.10. Theupstreem
projectiondistanceof therodswasvariedovera widerange.to study
thechangesintheCheracterof theflowse~tlon andto determine
thevariationof dragandpressure“distributionwithrodtipprojection.

lbrsmalJtip~~ections,theflowse-ted nearthet~ of
thexmd,whereasforlargertipproJections,separationtookplace
on therodsurface.Fbrmostrodlen@hsatallMachnuuibers,the

9 drag
with

b

coefficientwasbetween0.35-–0. 60. Minimumdrags=e obtal~
rodtipprojections

.

An investigationof

equaltoabut threetimesthenoseradd.us.

INmoDucTIoIT
flowseparationaheadof two-dimensional .. ...-

bluntbotiesmountedon a flatplatewasrqmrtedinreference1. It
wasfoundthat, fora certain_ ofbody-thiclmesses(relatlveto
initialboundsry-~erthiclmeBs),wedge-shapedseparationregions
fozmedaheadof thebody. Thepressuresin thisdead-airregioncould
be predictedby a simpleanalysts.As thethiclmessof thebodywas
Increased,thesteadywedge-typeseparationwasreplacedby anunsteady
flowwhichappearedtooscillatebetweenseparationfromthesurface
of theplateandseparationfromtheleadingedge.

Thepresentinvestigationwasundertakento determinewhether f--“..-i
separationphemmenaaheadof axiallysynmetricbluntbodiesaresimi- ,.
lar”tothoseobservedwithtwo-dimensionalbodies,and”whethera range
of fnitialboundary-layerthicknessestists forwhichtheanalysis

, .J!?$

of reference1 isapplicable.
?J

Thedragreductionresultingfromflow ,
●

separatim aheadof thebodywasdeteminedinthelkchnumb= range “‘“(
investigated,andwascomparedwithanal@lcalvalues.TMs investiga-- :’”“m
tionwasconductedat theNACAIewislaboratory. ... . _I.
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A sketchof thespherical-nosebodyusedis shown in figure1> “:
togetherwithsignificantditineionsandmutations.Thenosewasfttted
withbushingsthi&ghwhichctrculerrodsQf radiiO.lR,O.17R,and
O.25Rwereinsertedtoprovidean initialboundarylayer.Eachrod
hada conicaltipof @ includedangle’.TheprojectiontistanceOf
the tipof theru13supstreamof thenose

2
couldbe variedduring

tunneloperationby manipulationof a flexile extensionof therod
outsidethetunnel.lkmsomeof thetests,a l/4-inchstripof Carbo-
rundumdustWESplacedaroundthemds immediatelydownstreamof the
conicaltipsto inducetransitionoftheboundary~erj butno attempt
wasmadeto determinewhethera turbulentboundarylayerwasactually
produced.

Static-pressureorificeswerelocated“at10°intervalson the
spherical~rtionof thenosefrbm e u 0°.-ti.e w 60°. For e
greaterthan60°,thecontourof thebodyb&comesparabolic.~esti
orificesin theparabolicportionof thebo-dywerenotused,because“-”
onlythedragof thesphericalnosewasdestied, . —

Theexperhats wereconductedintheNACALewislS-by 16-inch
tunnel,whichhasa test-sectionMachnuuiberof 1.9anda Rey?mlds
nudberof 3.24x 106 per foot. InordertoobtainotherMachnumbers,
thebodyWasmountedona fI.&tplatewhose@e of attackcouldbe
varied.In thismanner,themodelswere.testedatMachnuuibersof
1.76,1.93,and2.10.
patternscorresponding,
number.

Schlierenphotograph@_.were@keg.of theflow.._
to eachtippm Jection,rodradius,and.Mach

RESUGTSANDDISCUSSION

SchMerenObservations

therodswereincreakedis shownin figure2. Withtfi
O* a shortdistmceupstrea@of thenose(fig.2(8)),

A typicalse~enceof flowtransformationsresultingwhenthetip
pro~ectionsof
tipof therod
coni~lseparation“fromtheshoulderof therodisalready‘apparent~---
Thedetachedshockobtalmedwithzerotippzmjectionisreplacedby a
conicalshockfollowedby a curvedshockwhichappearstooriginqte -
slightlyupstreamof the@int of mntact@. theseparated-flowregion
withthebody. As thetippro~ectlonisincreased(figs.2(b),2(c),
and2(d)),theconi”calseparationanglede~ases.uutila critical.
tippro~ectionis.Xeached.l?ortip Projectionsgreaterthanthectitl-“
calvalue,transitionfromseparationat theshoulderto separation
on thesurfaceof.therodtakesplace(fig.:2(e)).Furtherincreases
intipproJectionap~ar tohavelittleeffeeton tbeflowpattern
nearthenose,exceptthat.theshocksandthesep&ratIonboundary ““
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becomemre distinctforlargerode@ensions(ftgs.Z(f)to Z(i)).
Thepointoforiginof thesecondskck remainsalmostunchanged
throughoutthetrmsformations.Thepresenceof thisshockindicates “
thattheseparationboundaryisnotpreciselytangentto thespherical.
noseandalsothattheflowremainssupersonicoutsidetheshearlayer.

-+

SchMerenphoto~phstakenatotherMachnuniberssbwed thessme
successionof transformations8s thoseof figure2 andaretherefore
notreproduced.Therewerequalitativedifferences,however,in
schlierenphotographstakenwithandwithouttheca%orundumstrip
on therod. l%gure3 showsthesequenceof transfomatlonsobtatied
withthesanerodandMachnxmiberas thoseof figure2,butwiththe
strip of Carborundumplacedimmediatelytiwnst~ of therodShOUlder.
ThecMef Uerences =8 thetippro#ecttonforwhichtransition
fromonetypeof separationto theothertakesplacesndthesharper
imageof theshocksandse~tlon boundaryobt@nedwithlargetip
projectlone. . .

Thesequenceof eventsshbwninfigure82 and3 is in someways
similarto thatobtainedinreference1 withblunttwo-dimensional
bodiesof variousthfclmessesnmunteddownstreamof theleadingedge
on a flatplat. Forsmallvaluesof theratioofbodythichessto
projectingplatelength(b/L)separationoccurredon thesurfaceof

. theplatedownstreamof theleadingedge.As thebodythic.lmesswas
increasedbeyonda tiiticalvalue,unsteadytransitionfmm separation
on thesurfaceto separationfromtheleadingedgewasobserved.Ibr

b themaximumvaluesbf b/L invektlgated,however,m steadyseparation
fromtheleadingedgewasobtdned,althoughthepressuresinthe
separationregionwerecomparablewiththose~ct%d forthistype
of separation.Oneof thechiefqualitativedifferencesnotedbetween
thetwo-dimensionalandthethree:dimensionalphenomenaIs thatthe
changefromonetypeof separationto theotherwasaccompaniedby
oscillatoryflow“inthetwo-dlti-nsionalcase,whereasm unsteadyflow

---

configuratlonswereobservedin thepresentInvestigation.

PressureMstributions

F&assuredistributionsovekthenoseof thebodyfrom 8= I.O”
to 6 = 80° areshownh ffguze4 fora Mch mmiberof 1.93. The
effectof tipproJectfon,rodradius,andthetransitionstripon
pressuredistributionwasqtitativelysimilaratotherMachnuuibers.
Foreachrodradius,thepeakpressurecoefficientdecreasessteadily
andshiftstowardlarger8 as thetippzm~ectlonIs increasedfrom

b zero.Thepeaksreacha minimumator nearthetipprosectionfor
whichtheorigfnof separationbeginsto changefmm theshoulderof

.,—

therodtothedownstreamsurface.As thetipproSectionIs increased
4 beyondthisvalue, thepeakcoefficientincreasestowarda maximum
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andshiftsgr~d~ towardsmallere..Fqrtherincreasesintip
pro~ectionresultin a flattetiwO’f.thecw=@ ~th .+1*US- in.
thepressuresnear.e m 10° ,and.6u ~“. Thisflatteningindicates
a trendtowardtrulyconicalseparation}fokwhicha,constantstatic
pressureoverthe,.prtl.onof.the,nosein *Q%sew?tlon.r@QR wo~d :....
be~cted. . .... .. . .._.-.,, ..... .,., ...

Thepressuredistri.butionobtainedin‘apreviousinvestigation?or
a spherical.use withoutproJectlone(R/L1w =) is shownin fig-
ure4(a)forcompsrisonoAlthoughthePressureqfors@U 13are., :
muchhigherwltk.utprojectionsthanwitheyena smrt pro jectlon~
the_slon at large ,.0 was morerap~df’=thebodywithoutproJet-
tions. me lessrapidexpansionwithpro~ect@gmds isprobably
associatedwiththesecondshockobstiedinfigures2 and3 downstream
of theconicalshock. -..

DragCoefficients

PressB dragcoefficientsasa functionof tipprojection-e
obtained”by numericalintegrationof thepressure-di.strlbutioncurves
of figure4, andsimilarcurvesfortheotherMoh numbers.Ihorder
toobtaina dragcoefficient com’esponding@ a heqispher~calnose,
theassumptionwasmadethatthepressurecoefficientbe~- e = 0°._
and 0 = !30°wasIndependentoftheformo-fthebodyfor 8”greater.
than80°. ~ prees.urem.efficientcurve~.werefi~.~rap~ted to
$=0 at e= 900. Thisextrapolationa&ees Appro-teiy with--tk–
measuredpressuxe.mefficientson the~a~lic Potilonof thebody}
whereove~si.on tonegativepressureco.e$ficientsoccmed neu
0 = 90°. Sincethepressurecoefficientat 6 = 80° isalmst ii&-
pendento,ftipprojection,ands@ce theprojectionareaof a sph@-
“calnosebetween0 = ~0° and 0 = 90° isonly3 percentof the
total,no appreciableerror.~s”introducedby thisex&apolation.
Thetheoreticaldragcorrespndlngtoa 40°-includ@-angl.econewith
radiuseqyal to themd radiuswasaddedtithedragcoefficient ,
obtainedflcomthepressuredistributionstorepresentthecontribution
of therodstotfipres&.wedragof thenos:e.$incethecrosssections
ofthezmdswerequitesmallrelativetotliecrosssectionof thenose}
thedragcontributionsof thetipconeswerealsomnall.NO attempt.
wasmadetodeterminethefrictiondragof theconfigurationitwas
indicatedinreference1,however,thatthisdragshouldbe of the
same
fOnn

magnitudeasthefrlctlon
of theseparationregion.
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Theresultingdragcoefficientsareshown
● infigure5 fbreachMach?iuuiberinvestigated.

s.

as functiotiof R/~
Thevariationof drag ,“~ “~_”:

with.tipprojectionfollowsthesametrendas thatnotedfor the peakiI

of thepressureM’stributioncurvesof figure4. Amldmumdmg
mefficlentisobtainedatthetipproJectlonforwhichthechange —
fromseparationat theshoulderto separationon thedowtre~ surface ““ “

-...—.

of therodbegfns.Largertippro~ections(smallerR/~) resultin
an Increaseindragfo~d by a mre or lesssteadydecr&e as
R/Ll becomesverysmall.Ebra ~ch number~ of’2.I.O(fig.5(c))
thedragriseappesxstooccurintwostepsbetweenwhich ~ Is
almostconstant.At thisMachnuniberthefinaldecreasein ~ as ..
R/Ll approacheszeroapparentlystartsat VEQuesof R/~ lessthan
0.04. Becauseof vibrationof theproJect~ rodatverylargetip
projectionvaluesof R/Ll lessthan0.04couldbe obtainedonly
withthelargestzwdused. Hsnce,thefinaldecreaseIn ~ as
R/Ll+ O W8S obtainedat tMs Mch tier o- for a/R. 0.25. . ~~ --
Theminimumdragat eachMach.numbercorrespondsapproximatelyto the .
theoreticaldragof a 21°half-angleooneamlislessthanhalf
of thedragof a sphericalnobeina uniformsupersonicstream.

DISCUSSIONOFRESULTS.

~ reference1, thefollowingrelationship.was
thetdy-thickuessratioandthemnicalseparation

●

tionoccurson therodsurface:

b

derivedbetween
anglewhensepara-

(1)

where Tc isa functionof AC definedInreference1, ~ isa
factorof Proportionalitybetweenthefrictioncoefficienton a solld
coneandthefiictloncbefflcienton a solidwedge,and v isthe

-----

~nent of theReynoldsmmiberintheformulaforthefrictioncoef-
ficienton a flatplate.% quantitiesb, a,Ao,and L aredefinsd
infigure1, fromwhichthefo&win.grelationsareevtdent:

b= Rcoskc
(2)
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Equation(1) wa8derivedunderthe followingassumptions:(a) The
flow sqaratiop resultsin a imulyocdoal dead-h regionh whloh
thepressureIso.xmtantS& thedead-ahboundezyIstamgentto
thebcdysurfaoe;- (b~theohangeIQm@g@m thidme~sa~w the -...
boundaryofthedead-airregionIspmportlona.1tothatalonga solid
00IB hav kg thesaneangleas thede@-.airregion.lRmmthe~essure- ‘1
d~stributIonourvesoffigure4, itisappaqe.ntthattheoondltz- -
assumedfar”theanalysiswerenotobtaineaexperimentally,although
a tendenoytuwardoonstantpressureintheseparationreg~onisevident,....,.,
as thetipproJeotlonbeoaesverylarge.Thefaotthatthepressure
wasnotoonstantintheseparatedregionmaybe duetovorthal
motionssetupby th6entrainmentofatiby theshearlayeroverthe
sepematedregion.Suohentrainmentwouldrequirean Inflowofair -. ,
fiandownstreamad mayamountfa theseocxilshookobservedmwar . .
thepointofuontaot.ofthesepar&tedregionwiththebodycqntour.
A reversedflownearthe.surfaoeat thispointGouldresultIna
defleotIonofthealrmovingdownstream,wItha consequentshockwave.

---..-—

Theexperimentaldragooeffioientsaqe.ognparedinfigure5 with..
analyticalvaluesoorrespondlngto conioalseparationfromthetipof
therodandto oonloalseparationontherod,surfaoeas givenby equa-
tions(1)and(2)0 I’msmaU tipprodeotl~(largeR/~) the
experimentaldragooeffIcients,tendtowardthecurveocu’respondlngto
oonhmlseparatIontia thet1P,whilefa verylargetipproJeoti”m -”–
(-11 R/Ll) the--*1 dragooefffqiemtsdeoreaseina manner ““”
slmllartothatpr@lotedby equatIons-(1)ad (2). Pormosttip -
projections,however,theexperimental*% .ooefflo~ntsfafitowee
witheitheroftheanalythalow?’ves.b ~tioular,thetransitionfrom “ =
separationontherodsurfaoeto separatIonfromthetipIsnot
aoo~ied by theMge ohcmgeti *a8 ~oe?f~oieQtPed@led ~ refer-.- -“”
enoe.1. h thisrespeottheaxiallysymetrlc&se differsa~reolably
fromthetwo-dlmenelonalease,whererelativelylargeohangesInpressure
cmeffioientwerenotedIntheseparatedre8iondur~ tieOX ~. ~........
positlcmof separation(referenoe1).

Thefaotthattheexperimentaldragooefflcientsforvaluesof R/%
between0.50@ 1.0arehigherthanthosepredlotedonthebasisof
oonidalse~atlonficmtherodt.lpis~oba~lyassociatedwiththe .“.
oiroul.storymotionsIntheseparatedregionandwiththe,resultIn&&econd
shock. Thequalltatlvebehaviorofthefloyforlargevaluesof R/Ll,
andalsoforverysmallvaluesof R/Ll,Isthereforereaso=blyclear.
No explanationisyetposslb>e,however,forthebehavIorof theflowfor
Intermediate’values.of R/Ll. tiputlml.ar,thequantitiesthatde~~l~””
whentransition frcm tipse~,ationto.eurfaoeseparxzttonwCU ooo~ @ve ..._
notbeen@stabllshed,@ thereasonsfort~-ohangesin“&agotiffioibht
result@ fromdumges”inthercdradiusorfromthewe ofartlfioIal
roughnessarenotknown.
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Investigationof theflowpasta spherical-nosed”bodywithproject-
ingrodsindicatesthatpressuredragcoefficientsbetween0.35and

3 0.60areobtainedatMachnumbersbetween1.76and2.10andforrod
8 lengthsbetween2 and20timestherinseradius.Themlnlmumdragat

eachMachnumbercorres~ndedapproximatelytothedragof a 21°half-
anglesolidcone,andwasobtainedwitha rodlen@haboutthreetinms
thenoseradius.Thisrodlengthmrrespondedtothemeximumtills
forwhichseparationfzomthetipof therodoccimred.lbrlarger
tipprojections,thedragcoefficientremained“inuchlowerthanpre-
dictedby theconical-separation-is of reference1. ~ discre-
PSZMYiSb~eved ~ be tieUefly toVOrtlcalmotionsinthesepa-
ratedregion,which~re assumedtobe ne&ligibleintheanalysisof
reference1.

.—

LewisFlightNpulslon Laboratory
NationalAdvisoryCommitteeforAeronautics .

Cleveland,Ohio
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(a)~ - l%. 0) ~ - 0.70. (o): = 0.!50. (d) ~ = 0.30. 1

(e)* = 0.25. (f) * -= 0.20. (d ~ = 0.15.

(h) ~ = 0,08.

(i) ~ - 0.04.

lMgure2.-SPfeotoftlpproJeotloncmflaweepanationwithnatu?ml._itla.
~=L93, a/k=O.$7.““- - ““ - .

.. ..
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(a) ~ = 0.94.

(e) ~ - 0.20. (f) ~ - 0.I.5.

- 0.30. (d)-& = 0.25.
4.

(d ~ = 0.02

;

(h) ~ .= 0.06

(t) ~ = 0.04.

.

mglu’e3. - Effect of tlp &&ticm .cmflawsepmatlonwith tiificlaltraneltlon.
~ = 1.9S,a/R-0.17,.
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